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Introduction
Sheet hydroforming (SHF) is a deep-drawing process that affords better drawability compared to conventional processes because of a high counter-hydraulic pressure. It is accepted that the counter-hydraulic pressure gives rise to three main features that improve drawability: a friction-increasing effect, a fluid lubrication effect, and a pre-bulging effect. [1] [2] [3] These three features not only increase the limiting drawing ratio but also offer many other advantages, such as a reduction in tooling costs and improvement in dimensional accuracy. SHF is also applied to low-formability materials, such as aluminum 4) and magnesium, 5) as well as conventional steels. Nowadays, SHF is widely employed in various industries, including the automobile, aerospace, consumer electronics, and kitchen industries. 2, 6) Surveys of the literature on SHF can be found in Refs. 3) and 7).
It is much more difficult to appropriately determine forming conditions for SHF than for conventional press forming because a number of SHF parameters show greater variation. Therefore, a prior prediction of formability using the finite element method (FEM) is essential. Presently, several FEM programs for SHF are available and are widely used for modeling of various SHF processes. [7] [8] [9] [10] [11] The present authors have also developed a new static FEM program. 12) Using this program, an elliptical-cup SHF process with no outflow of the pressure medium was simulated, and the results were in good agreement with experimental data.
However, the outflow of the hydraulic pressure medium has not been properly modeled in FEM simulations because the outflow characteristics during sheet deformation are not well known, and the lack of such data is a major obstacle hindering accurate simulation. Kasuga et al. developed analytical models to predict the counter-hydraulic pressure during a cylindrical-cup SHF process. 13) Jensen et al. also developed a numerical model to compute the counter-hydraulic and fluid film pressures by numerically solving Reynold's equation, and implemented their methods in an explicit finite element code. 14) These two studies considered an axi-symmetric problem. In other work in this area, Lang et al. proposed numerical models for a square-cup SHF process. 15) However, most of the earlier studies were limited to specific shapes, and adequate experimental verification of the models has not yet been achieved, especially with respect to the hydraulic pressure distribution in the flange area.
In our previous work, we studied fundamental outflow characteristics during a square-cup SHF process 3) experimentally by directly measuring hydraulic pressure both in the flange area and in the chamber. We also proposed a numerical model to predict the critical outflow pressure that could be utilized for forming of various shapes. However the relationship between sheet deformation and the outflow of the pressure medium could not be examined in detail in the cited study. This was because hydraulic pressure variation could not be measured at the die shoulder, where a large friction loss of hydraulic pressure arose. In our series of studies, the outflow characteristics of a pressure medium used for a sheet hydroforming process have been investigated. The variation of hydraulic pressure during a square-cup sheet hydroforming process was examined, focusing on correlation with sheet deformation. In the initial stage, the outflow of the pressure medium remained stable because a greater extent of pre-bulging arose around the die shoulder just after the process commenced. When the pre-bulging ceased, the pressure medium was sealed in the chamber. Thus, the hydraulic pressure began to increase rapidly within the chamber, and fell in the flange area. The punch stroke at which the hydraulic pressure in the chamber began to rise was highly dependent on the blank holding force because the height of pre-bulging was determined by this force. When the sheet conformed completely to the die shoulder, the pressure medium was also sealed at the shoulder. Therefore, the hydraulic pressure on the die shoulder as well as in the flange area started to fall. The correlation between the critical punch stroke for fracture and the hydraulic pressure in the flange area was also examined.
analysis of the hydraulic pressure variation during the SHF process was also difficult because of oscillations in the hydraulic pressure caused by features of the electric pump employed. Moreover, because the maximum hydraulic pressure in the chamber was controlled by a simple on/off system attached to the pump, deformation after attainment of the maximum hydraulic pressure was rather unstable. Consequently, outflow characteristics could be investigated in detail only for the initial stage of the process.
In the present study, we therefore developed a new experimental setup for a square-cup SHF process that solved the abovementioned problems. Moreover, a displacement sensor was also mounted in the experimental arrangement, to measure the gap between the die and the blank holder. Further investigation of the process characteristics, in particular the relationship between sheet deformation and hydraulic pressure, was pursued using the improved setup.
Experimental Conditions
Figures 1(a) and 1(b) show a photograph and a schematic diagram of the experimental setup used in this study, respectively. The principle underlying the measurement of hydraulic pressure during SHF is simple. Holes of diameter 2 mm are bored through the die, and pressure sensors (Kyowa Electronic Instruments, the PGL-A series) used to measure hydraulic pressure on the die surface are mounted at the end of each hole. This method for measuring hydraulic pressure during SHF was verified in our previous study. 3) In that study, the measurement holes ran straight through the die from top to bottom; thus the number of measurement holes was limited by the size of each pressure sensor. To increase the number of measurement holes in the present study, the measurement holes were bent and ran through the die from the top surface to the sidewall, as shown in Fig. 1 . With this modification, two and six holes each of diameter 2 mm could be bored on the die shoulder and in the flange area (i.e., the die surface), respectively. Similarly, a hole ran through the die from the chamber to the sidewall. It should be noted that our preliminary experiments showed that hydraulic pressure distributions measured using the bent channel pattern of the present apparatus were in very good agreement with those measured using the earlier channel pattern, except at the very start of an experiment. This discrepancy at short times may be caused by a difference in the channel length. However, this does not affect our subsequent discussion, which shows that the bent channel pattern is suitable to obtain the hydraulic pressure data required in the present study. Figure 2 shows the geometry of the die surface. The measurement holes are denoted a, b, c, d, e, f, g, h, and i. Point a is in the chamber, points b and f are on the die shoulder, and the other six points are in the flange area. The total number of measurement holes was thus nine, about twice as many as utilized in our previous study. The measurement holes on the die shoulder are expected to yield information on the change in hydraulic pressure induced by fitting of the sheet to the die shoulder, whereas the distribution and variation in hydraulic pressure in the flange area can now be examined in greater detail due to the increased number of measurement holes in the flange area.
The experimental procedures were the same as described in our previous study. A mineral hydraulic oil was used as the pressure medium as well as for lubrication. The blank holding force (BHF) was supplied by springs with a spring constant of 943 N/mm and was set by screw nuts, as shown in Fig. 1 . BHFs of 5 kN, 10 kN, 15 kN, or 20 kN were applied. The sheet was drawn at a constant punch speed of 0.25 mm/s. Simultaneously, an electric pump was used to pressurize the chamber to permit the pressure medium to flow out, beginning at the initial stages of the process. The outflow of the pressure medium at the initial stage plays an important role in attaining an adequate fluid lubrication effect. The electric pump utilized in the present study yields very small oscillations in the hydraulic pressure. The nominal volume flow rate of the pump was about 0.5 L/min. When the hydraulic pressure in the chamber reached a preset value, the pressure was thereafter held constant by a relief valve. This preset pressure is hereinafter termed the control pressure. Control pressures of about 20 MPa, 25 MPa, or 30 MPa were applied. A displacement sensor (Keyence, model EX-110V) was mounted on the die to measure the variation in the gap between the blank holder and the die during the entire process (hereinafter simply termed the gap). It should be noted that the initial gap was set to zero and variation in the gap from this starting level was subsequently measured. Variations in hydraulic pressure and the gap were recorded every 5 ms throughout the process.
Mild steel was used as the sheet material; the mechanical properties of the steel are summarized in Table 1 . The dimensions of the square sheet blank were 100ϫ100 mm, with a thickness of 0.7 mm.
For comparison, conventional press forming was also performed; this process does not employ hydraulic pressure. Figure 3 shows the variation in hydraulic pressure in the chamber (at point a in Fig. 2 ) under various control pressures for a BHF of 20 kN, and Fig. 4 shows that under various BHFs at a control pressure of 20 MPa. The overall trend in the hydraulic pressure variation resembles that obtained in our previous study.
Results and Discussion

Variation of Hydraulic Pressure in the Chamber
3) However, compared to our previous work, the pump-induced oscillations in the hydraulic pressure were negligible, allowing a detailed and quantitative evaluation of pressure. Moreover, after the hydraulic pressure reached the control level, the control pressure was stably maintained until the sheet fractured.
As in our earlier study, the process can be categorized into stages I, II, and III according to the variation in the hydraulic pressure in the chamber, as shown in Figs. 3 and 4. We next examined the outflow characteristics in detail, especially in terms of relationship to sheet deformation, at each stage. Because the qualitative trends in the data were independent of both control pressure and BHF (as shown in Figs. 3 and 4) , the results for BHFs of 5 kN and 20 kN and a control pressure of 20 MPa are used in the discussion below. Figure 5 shows the variations in the hydraulic pressure in the chamber (at point a), on the die shoulder (at points b and f), and in the flange area (at points c, d, e, g, h, and i), for BHFs of 5 kN and 20 kN and a control pressure of 20 MPa. The variation in the gap is also shown. Immediately after the process commenced, the hydraulic pressure in the chamber (at point a) increased rapidly and reached a peak. The hydraulic pressure in the flange area (at points c, d, e, g, h, and i) and the gap began to rise when the peak pressure developed, showing that the pressure medium began to flow out through the gap at this time.
Stage I 3.2.1. Hydraulic Pressure Variation
After the pressure peak was reached, the hydraulic pressure in the chamber suddenly fell to a particular level and then increased very gradually because of penetration of the punch. The region in which the hydraulic pressure remains stable is hereinafter termed the stability region. It is clear from Fig. 4 that the magnitude of the hydraulic pressure in the stability region correlates very well with the BHF. The gap was also relatively stable in the stability region. It can be noted that the gap sizes shown in Fig. 5 may be primarily attributed to outflow of the pressure medium because the gap during conventional press forming is at most a few micrometers.
Mechanism of Outflow in the Stability Region
The mechanism by which the hydraulic pressure remains stable in the stability region can be explained as follows. Figure 6 shows cross-sections of the deformed profiles at punch strokes of about 1 mm along the lines OA and OB (Fig. 2) for a BHF of 20 kN. It should be noted that the sur- face of the sheet on the die-side was evaluated by a laser displacement sensor after the sheet had been removed from the die. Clearly, a large degree of pre-bulging arose around the die shoulder. At this time, the sheet was not in contact with the die shoulder. This is supported by the fact that the hydraulic pressures on the die shoulder were in very good agreement with those in the chamber (Fig. 5) . These results show that a gap between the sheet and the die was sufficiently large to permit the pressure medium to stably flow out. 16) The stability region was maintained up to punch strokes of about 1.5 mm and 3.5 mm, respectively, for BHFs of 5 kN and 20 kN (Fig. 5). Figure 7 shows the hydraulic pressure distribution at various punch strokes in stage I, along the lines OA and OB for a BHF of 20 kN. For the sake of convenience, the atmospheric pressure is plotted at the initial positions of the sheet edges, specifically, at distances from the center of the chamber of 50.0 mm and 70.7 mm, respectively, for the lines OA and OB, regardless of punch stroke, because it was difficult to precisely determine the amount of draw-in occurring during the process. Similarly, the hydraulic pressure in the chamber is plotted at 0 mm.
Hydraulic Pressure Distribution
In our previous study, 3) we assumed that the hydraulic pressure was constant from the chamber to the die shoulder, and then decreased linearly in the flange area, with increasing distance from the chamber, along both lines OA and OB. The present detailed measurements reveal that these assumptions are acceptable, and that this trend continued during the stability region. 
Transition from Stage I to Stage II
In previous studies, 1, 3, 13) it was considered that the transition from stage I to stage II arose because the sheet conformed to the die shoulder and hence the pressure medium was sealed in the chamber. To confirm this, deformed profiles at a punch stroke of about 4 mm for a BHF of 20 kN are shown in Fig. 6 . This punch stroke corresponds to the beginning of stage II. Clearly, the sheet has not yet conformed to the die shoulder along either line OA or OB. Moreover, as shown in Fig. 5 , the hydraulic pressure at the die shoulder (at points b and f) remained in very good agreement with that in the chamber at this punch stroke. On the other hand, the pre-bulging that clearly arose in the stability region vanished in the OA direction, and that in the OB direction became very small. This indicates that the transition from stage I to stage II and the initial sealing of the pressure medium arose not because the sheet conformed to the die shoulder, but more probably because prebulging vanished and the sheet now tightly contacted the end of the die shoulder. In fact, the transition from stage I to stage II arose at a punch stroke of about 3.5 mm for a BHF of about 20 kN both in the previous 3) and present studies, irrespective of die shoulder radii. This shows that the above interpretation of the process is appropriate.
The punch stroke at which the transition arose was, however, highly dependent on BHF. As shown in Fig. 4 , the transition was seen at punch strokes of about 1.5 mm, 2.5 mm, 3.0 mm, and 3.5 mm, respectively, for BHFs of 5 kN, 10 kN, 15 kN, and 20 kN. This is because the higher the BHF, the greater the hydraulic pressure in the stability region. Thus, the greater the BHF, the more pronounced the height of pre-bulging. These results show that pre-bulging plays an important role in the variation of hydraulic pressure in stage I.
Stage II 3.3.1. Hydraulic Pressure Variation (a) Variation in the Chamber and in the Flange Area
The hydraulic pressure in the chamber (at point a) increased rapidly until the control pressure of 20 MPa was reached. Simultaneously, the hydraulic pressure in the OA direction of the flange area (at points c, d, and e) tended to decrease because of friction loss in hydraulic pressure at the end of the die shoulder, whereas that in the OB direction (at points g, h, and i) tended to rise. This variation in the OB direction can be explained by the following mechanism.
The pressure medium was not fully sealed in the OB direction at this stage because slight pre-bulging still remained (Fig. 6) . Consequently, outflow of the pressure medium arose preferentially in the OB direction, and the hydraulic pressure in the OB direction thus tended to increase. Simultaneously, the gap also widened because the volume flow rate of the pressure medium increased in the OB direction.
It can be noted that the difference in the sheet deformation between the OA and OB directions (Fig. 6 ) may arise because the corner (i.e., the OB direction) has a double curvature and hence it is more difficult to eliminate prebulging. However, this trend in hydraulic pressure variation observed in the OB direction was not delineated in our previous study. This is presumably because the previous blank holder radius (4 mm) was smaller than the present one (7 mm), and the pre-bulging was thus also smaller and more easily eliminated in the previous study.
Thereafter, the hydraulic pressure in the OB direction of the flange area also began to fall. This trend arose because pre-bulging in the corner also vanished, and hence the outflow of the pressure medium was also sealed in the OB direction. Roughly at the same punch stroke, the gap ceased to increase in size and remained nearly constant for both tested BHFs. This is because the pressure medium flowed out uniformly through the gap rather than in a preferred direction.
(b) Variation on the Die Shoulder
The hydraulic pressure on the die shoulder (at points b and f) was in good agreement with that in the chamber up to a punch stroke of about 11 mm, but thereafter began to fall below the level in the chamber. Eventually, the hydraulic pressure in the flange area also began to fall. This variation can be explained as follows. Figure 8 shows cross-sectional profiles of the deformed sheets at a punch stroke of 13 mm, along the lines OA and OB for a BHF of 20 kN. Although profiles after springback are shown, the sheet fits the die shoulder well. Thus, the pressure medium tended to be sealed also at the die shoulder and the friction loss at the shoulder increased. As the volume flow rate of the pressure medium flowing out in the flange area decreased after the sheet became fitted to the die shoulder, the gap also began to lessen at a punch stroke of about 11 mm.
It should be noted that the punch stroke at which the hydraulic pressure on the die shoulder began to fall was almost independent of control pressure and BHF, and was roughly determined by summation of the die and punch shoulder radii; this figure was 12 mm in the present study. Figure 9 shows the hydraulic pressure distributions along the lines OA and OB in stage II for a BHF of 20 kN. Clearly, the hydraulic pressure in the flange area was much smaller than that in the chamber, and the hydraulic pressure distribution from the die shoulder to the flange area cannot be approximated as linear, as was also pointed out in our previous study.
Hydraulic Pressure Distribution
3)
The hydraulic pressure in the flange area was larger for a BHF of 20 kN than for a BHF of 5 kN, as shown in Fig. 5 . To demonstrate the relationship in greater detail, Fig. 10 shows the association between BHF and the hydraulic pressure at points c and g, at a punch stroke of 9.5 mm. Clearly, the hydraulic pressure in the flange area was still proportional to BHF despite the large friction losses described above. This result shows that the hydraulic pressure in the flange area was highly dependent on BHF, even in stage II.
Stage III
Hydraulic Pressure Variation
After the hydraulic pressure in the chamber reached the control pressure, the control pressure was maintained by activation of the relief valve until a fracture developed in the sheet (Fig. 5) . Because the volume flow rate of the pressure medium supplied by the pump to the chamber now decreased, the flow rate of the pressure medium flowing out in the flange area also declined. Eventually, both the hydraulic pressure in the flange area and the gap decreased rapidly, from the beginning of stage III. At the same time, the hydraulic pressure on the die shoulder gradually decreased during stage III. This may be because the friction loss of hydraulic pressure increased at the sidewall as the height of the sidewall increased.
From the above investigations at each stage, a characteristic correlation between the hydraulic pressure variation and the sheet deformation in each stage can be summarized as follows. In stage I, the hydraulic pressure in the chamber remained stable during the stability region because extensive pre-bulging arose around the die shoulder just after the process commenced (Fig. 6) . In stage II, the hydraulic pressure in the chamber began to increase rapidly when prebulging vanished (Fig. 6) . The hydraulic pressure on the die shoulder started to fall when the sheet fitted completely to the die shoulder and the sidewall was formed (Fig. 8) . In stage III, the control pressure was maintained in the chamber until a fracture developed in the sheet. Figure 11 shows the hydraulic pressure distributions along the lines OA and OB in stage III for a BHF of 20 kN. The decrease in hydraulic pressure from the chamber to the die shoulder (i.e., the friction loss of hydraulic pressure at the die shoulder) was much smaller than that from the die shoulder to the flange area (i.e., the friction loss at the end of the die shoulder). This demonstrates that the influence of the disappearance of pre-bulging was greater than that of the fitting of the sheet to the die shoulder on the decrease in hydraulic pressure.
Hydraulic Pressure Distribution
It is interesting to note that the hydraulic pressure increased slightly near the sheet edge only in the OA direction. This can be explained as follows. The thickness strain distributions along the lines OA and OB at a punch stroke of 13 mm are shown in Fig. 12 . The thickness strain increased near the sheet edge in the OA direction, but hardly changed in the OB direction. Because the gap between the sheet and the die decreased near the sheet edge in the OA direction as a result of sheet thickening, the hydraulic pressure increased in this area. This shows that the hydraulic pressure in the flange area was very sensitive to the gap size. Figure 13 shows the deformed profiles obtained by SHF with control pressures of 20 MPa and 30 MPa, and by conventional press forming. All products were obtained with a BHF of 20 kN. Figure 14 shows the relationship between the critical punch stroke for fracture and BHF. The critical punch stroke tended to increase with falling BHF both for SHF and conventional press forming. A similar tendency has been reported in the literature (for example, see Ref. 1)). Clearly, a better critical punch stroke is achieved using the SHF process compared to the conventional approach, irrespective of BHF. The improvement in critical punch stroke obtained by SHF was remarkable when the control pressure was higher than 25 MPa.
Critical Punch Stroke for Fracture
Before conducting the present study, we expected that the critical punch stroke would increase with hydraulic pressure in the flange area because the sheet flange can be pushed up strongly and hence a fluid lubrication effect may be efficiently achieved. However, the present experimental results © 2009 ISIJ were contrary to this prediction. With decreasing BHF, the critical punch stroke increases even though the hydraulic pressure in the flange area decreases (Figs. 9, 10, and 11). Of course, the trend shown in Fig. 14 cannot be explained only by the hydraulic pressure distribution. Further investigation is required to explore the relationship between the hydraulic pressure distribution and the fluid lubrication effect.
Conclusions
The variation in hydraulic pressure during a square-cup sheet hydroforming process was carefully studied, focusing on the correlation with sheet deformation. The following conclusions can be drawn:
(1) The outflow of pressure medium remains stable in the initial stage because extensive pre-bulging arises around the die shoulder just after the process begins. When prebulging vanishes and the sheet tightly contacts the end of the die shoulder, the pressure medium is sealed in the chamber; thus the hydraulic pressure in the chamber begins to increase rapidly. The punch stroke at which the hydraulic pressure in the chamber begins to rise is highly dependent on the blank holding force because the height of prebulging is determined by this force.
(2) The subsequent variation of hydraulic pressure is almost independent of the blank holding force. When the sheet conforms completely to the die shoulder and the sidewall is formed, the pressure medium is sealed also at the die shoulder and the hydraulic pressure on both the die shoulder and the flange area starts to fall.
(3) The hydraulic pressure in the flange area is highly correlated with the blank holding force during the outflow. This trend is the opposite of that of the critical punch stroke for fracture, which improves as the blank holding force decreases. Therefore, the relationship between hydraulic pressure in the flange area and the fluid lubrication effect should be investigated in greater detail.
(4) The variation of the gap between the die and the blank holder is primarily determined by the volume flow rate of the pressure medium.
The hydraulic pressure variations in the chamber described in this paper are not in complete agreement with those reported by Kasuga et al. 13, 17) The discrepancies between the results may be attributable to differences in experimental conditions, in particular the mode of application of hydraulic pressure. Therefore, some of our present results are dependent on the experimental conditions and further work under a wider range of relevant process conditions is needed. As mentioned above, the relationship between hydraulic pressure distribution and the fluid lubrication effect remains unclear. This aspect should be further investigated to develop efficient numerical models of hydraulic pressure that can be utilized in finite element simulations.
